ABSTRACT Orthogonal frequency division multiplexing (OFDM) plays an important role in powerline communications (PLC), due to its robustness to frequency-selective channels. Nevertheless, it also presents some persistent drawbacks over the years, some of them related to the synchronization and channel estimation and equalization, whose features are a key aspect in the global performance of the medium access technique. This work presents a novel timing synchronization and channel estimation method for OFDM under PLC conditions. Typical joint fine synchronization and channel estimation techniques for OFDM make use of the cross correlation from a transmitted pilot symbol with suitable correlation properties. However, these proposals often present the drawback of having a high computational load, sometimes reducing the feasibility of later practical implementations. Our proposal takes advantage of the properties of complementary pairs of sequences, as they provide good correlation properties, as well as efficient algorithms for generation and correlation. Furthermore, some practical thresholds for synchronization are derived, which adapt the system to the current signal-to-noise ratio and channel conditions. Finally, all the theoretical proposals have been validated by simulation, including an analysis of the performance achieved.
I. INTRODUCTION
Power-Line Communication (PLC) is an alternative that makes use of the existing mains as a communication channel, as a solution for In-Home data services and Smart Grids development [1] . PLC channels present high frequency selectivity due to multipath effect and several noise sources [2] , which make reliable communications challenging. The noise in the PLC environment can be classified into five categories: colored background noise; narrowband noise; periodic impulsive noise, asynchronous to the mains frequency; periodic impulsive noise, synchronous to the mains frequency; and asynchronous impulsive noise [3] .
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Besides additive noise, PLC channel may also be affected by multipath effects and impedance mismatches [4] . Several PLC channel models have already been proposed, and they include different approaches: multipath fitted with measurements, transmission line theory, and statistics [5] - [7] . In [8] , the statistical multipath PLC channel model in time domain has been studied and the Rayleigh distribution is determined by the amplitude of the first arrival path. Also, the magnitudes of the other paths follow a Rayleigh distribution due to random signal reflection [8] - [10] .
Orthogonal frequency division multiplexing (OFDM) has been proposed as an efficient solution for PLC due to their robustness against frequency-selective fading channels. Nevertheless, OFDM systems are vulnerable to synchronization impairments, which degrade the overall performance. Several OFDM synchronization techniques have been developed by exploiting some correlation properties of well-designed pilot symbols [11] , either by computing an auto correlation (AC) of the received signal or by cross correlation (CC) between the received signal and a template of the known pilot symbols [12] , [13] . In AC-based techniques the pilot symbols present symmetrical parts, a normalized timing metric is defined, and the synchronization point is obtained from its maximum [14] - [16] . Furthermore, they present low complexity, as recursive formulas are used for their computation. However, AC methods frequently lead to a delayed timing synchronization point in high frequency-selective channels, resulting in intersymbol interference (ISI) if no fine timing synchronization is used.
On the other hand, in CC techniques, sequences with suitable correlation properties are used as pilot symbols, and the received signal is compared with the known pilot symbols by means of a matched filter [17] - [19] . The complexity involved in the computation of the CC is much higher compared to the AC techniques. Nevertheless, CC techniques make a fine timing synchronization feasible by searching the first arrival path [19] .
Furthermore, after timing synchronization, the pilot symbol can often be used for the PLC channel estimation. In the frequency domain, a classical Least Squares (LS) technique can be applied in order to obtain the channel frequency response (CFR) [20] . An improved channel estimation can be obtained by using the Discrete Fourier Transform (DFT) to determine the channel impulse response (CIR) estimation, and afterwards, obtain the CFR only with the significant samples of the CIR. This technique is known as DFT-based channel estimation [21] , [22] . Some advanced channel estimation techniques have been lately proposed, by applying compressive sensing (CS) theory for sparse channels estimation, commonly based on high-complexity iterative optimization algorithms [23] . The algorithms involve not only the taps detection procedure, but also the design of optimal and suboptimal pilot symbols in terms of pilot location, power and complexity tradeoff [24] , [25] . On the other hand, sequence-based pilot symbols have been proposed for joint time synchronization and channel estimation, where the CIR estimation can be obtained directly from the output of the matched filter used in the fine synchronization stage [19] , without the need of the DFT process as in the previous DFT-based channel estimation techniques. Different types of sequences have been proposed for the design of sequence-based pilot symbols, such as pseudo-noise (PN) sequences [12] , [26] , Zadoff-Chu [17] , modulatable orthogonal sequences (MOS) [19] , or zero correlation code (ZCC) pairs [27] , [28] . As the complexity associated with the computation of the CC is still high in these schemes, the design of low-complexity PLC synchronization and channel estimation becomes attractive.
This paper proposes the construction of a pilot symbol based on complementary pair of sequences to benefit from their suitable correlation properties and the efficient implementation of a matched filter for these sequences [29] , [30] . The proposed synchronization method includes a coarse synchronization based on AC techniques, and a fine timing and channel estimation based on CC techniques. As the PLC noise level and channel fading vary over time [31] , a normalized timing metric for the CC is defined, so that the fine synchronization process depends on the instantaneous signal-to-noise ratio (SNR). Taking into account that the computation of the CC is based on an efficient algorithm, and the CC is used not only for fine time synchronization but also for channel estimation, the joint scheme constitutes a considerably low-complexity approach. A passband PLC transmission is assumed [32] , and the probability density functions (PDF) at different time instants are approximated, in order to statistically characterize the timing metric and the performance for a given threshold, considering a PLC channel generated in time domain with multiple paths whose amplitudes follow a Rayleigh distribution. Furthermore, simulations have been performed, in order to validate the proposal. The rest of the manuscript is organized as follows: Section II provides a general description of the OFDM system; Section III details the proposed synchronization and channel estimation scheme; Section IV presents some simulation results; and, finally, conclusions are discussed in Section V.
II. SYSTEM DESCRIPTION
This work proposes a passband OFDM system for PLC communications, with pilot symbol-based time synchronization and channel estimation techniques. A diagram of the system is shown in Fig. 1 , where dashed blocks are related to the transmission, reception and processing of the proposed pilot symbol for synchronization and channel estimation. At the receiver, the coarse and fine synchronizations, as well as the channel estimation stages, are performed by processing the pilot symbol, which is composed by a training sequence with cyclic prefix and cyclic suffix attached. The samples of the baseband OFDM pilot symbol at the transmitter can be VOLUME 7, 2019 expressed as
where N is the total number of subcarriers; N cp and N cs are the length of the cyclic prefix and suffix, respectively; X m is the complex pilot symbol at the m th subcarrier in frequency domain; and x n is the time-domain pilot sequence sample at instant n. On the other hand, the corresponding received signal r n can be represented as
where ε is the frequency offset normalized by the subcarrier spacing; h l represents the l th tap of the PLC CIR; L is the channel delay spread in samples; σ s 2 is the transmitted power (without loss of generality E x 2 n = 1); and w n are the complex samples of the PLC noise, with variance E w 2 n = σ w 2 . The noise samples include colored background noise, narrowband noise, periodic impulse noise synchronous and asynchronous with the mains, and aperiodic impulse noise [31] . Considering a channel vector h, the instantaneous SNR can be expressed as SNR =
The pilot symbol design takes into consideration a suitable symmetry for coarse synchronization and the efficient cross correlation from the complementary pairs of sequences, in order to achieve precise timing and CIR estimation. Two sequences a and b with length M , whose elements a k and b k are +1 or −1 valued, compose a binary complementary pair of sequences if the sum of the AC functions of each sequence is a Kronecker delta with amplitude 2 · M [29] . Hereinafter, this work proposes the use of a complementary pair of sequences a and b with length N /4 samples; the construction of the pilot symbol x in time domain is based on the concatenation of the complementary sequences in the following way
After adding both cyclic prefix and suffix, the extended pilot symbol x can be written as
where cp and cs are the cyclic prefix and suffix, respectively, whose samples cp n and cs n can be expressed as
The correlation c x,x n between the extended symbol x and the symbol x is
Since the sum of the AC functions of a complementary pair of sequences is zero for any non-zero shift, it can be concluded that, due to the addition of the cyclic prefix and suffix, the correlation function c x,x n presents a zero correlation zone in the neighborhood of n = 0, defined by
It is worth noting that the maximum achievable length of the zero correlation zone is N /4 samples, which implies that N cp , N cs < N /4. Typically, the cyclic prefix length is a smaller fraction of the symbol length in well-designed OFDM systems, and it must be longer than the delay spread of the channel (N cp > L), resulting in an ISI free zone of N cp −L +1 samples.
III. PROPOSED SYNCHRONIZATION AND CHANNEL ESTIMATION A. COARSE SYNCHRONIZATION
As the proposed pilot symbol has a repetitive structure, a coarse synchronization based on AC can be implemented [15] . Then, a timing metric is defined as
where p n is the auto correlation of four segments of the received signal r n , according to the symmetry in (3); Re {·} describes the real part of its argument; and e n represents the energy in a window of N samples considered in the AC function. The auto correlation p n can be defined as (11) , whereas the energy e n is depicted in (12) .
(11)
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Note that the carrier frequency offset (CFO) could be estimated from the auto correlation as described in [14] , and it could be compensated before the refined time synchronization and channel estimation. Nevertheless, for practical ranges of frequency errors in PLC, the effect of CFO is negligible [32] . The received signal r n in the ISI free region can be rewritten as
where s n is the useful part of the signal; and w n are the PLC complex noise samples. Note that, in order to achieve an adequate fine timing synchronization, the instantaneous SNR must be estimated [19] , [26] . A simple SNR estimation can be obtained from the timing metric m n in the coarse synchronization point n =θ c , as was described in [14] 
where mθ c is the timing metric in (10) evaluated at the coarse synchronization point n =θ c .
B. FINE TIME SYNCHRONIZATION AND CHANNEL ESTIMATION
After the coarse synchronization, the CC between the received signal r n and the pilot symbol x is used for a fine time synchronization and channel estimation. Note that the following analysis is carried out considering the proposed pilot symbol, which simplifies the implementation, but it is also valid for any pilot symbol whose CC exhibits a zero correlation zone, e.g. by using other types of constant-amplitude sequences, such as Zadoff-Chu, Loosely Synchronized, ZeroCorrelation-Zone, etc. [33] . Moreover, the fine timing is based on a threshold selection, whose value depends on the instantaneous channel conditions, so the analysis is based on the instantaneous SNR as a parameter.
1) NORMALIZED CROSS CORRELATION
In order to achieve a reliable fine timing synchronization, a normalized CC is proposed. In this way, the synchronization performance depends on the SNR, but it is not influenced by the individual signal and noise powers, and no information about the transmitted power σ s 2 is required. In this work, the received signal energy e n in (12) is proposed as a normalization factor. Then, the proposed normalized CC expression is given by (17) where the energy terms according to (12) and (15) are:
Note that the PLC noise is composed of correlated and nonGaussian samples. However, as the parameter N increases, the second and third terms in (18) become Gaussian by the Central Limit Theorem (CLT). This approximation becomes feasible because, in OFDM systems for PLC, N is usually high and therefore the PLC noise samples after the combination of sufficient terms are approximately independent and identically distributed (i.i.d.), Gaussian by the CLT [3] , [34] , [35] . Then, the energy e n in the ISI-free region can be considered as Gaussian distributed with mean and variance
According to (2) , the samples of the CC in the ISI-free zone can be expressed as (20) where h l is the l-th tap of the CIR of the PLC channel; and L is the maximum delay of the channel in samples. Note that the CC of the proposed pilot symbol exhibits a zero correlation zone prior to the optimal synchronization sample, so the output of the matched filter is only the correlation of noise samples, and it can be expressed as
As the correlator elements x * m have constant amplitude and N is high, the linear combination of noise samples allow to apply the CLT, and the distribution of (21) can be approximated by a complex Gaussian random variable with zero mean and variance N σ w 2 . The square is then a chi-squared random variable weighted by N σ w 2 . On the other hand, the terms from e n in (18) have a much larger mean than their standard deviation [14] , so the normalized CC can be approximated as a weighted chi-square distribution with one degree of freedom, whose density and cumulative distribution functions, f c n and cdf c n , are described as
cdf c n (y) = erf y 2N (1 + SNR) ,
where erf() indicates the error function. Thanks to the zero correlation zone of the proposed pilot symbol, the CC c r,x 0 can be expressed as (24) , considering the frequency-selective PLC channel in (20) , at the correct synchronization sample n = 0 
Taking into account that the second term in (24) can be considered as an average of noise samples, approximating the CC c r,x 0 with only its first term becomes feasible for practical values of SNR and N . As the mean of the denominator of the normalized CC is much larger than the standard deviation, then the normalized CC at n = 0 can be approximated by
Defining the random variable λ 0 as the first channel-tap gain normalized by the total channel energy, as shown in (26), then the normalized CC can be expressed in terms of the SNR as
In order to find the distribution of λ 0 , it is important to notice that both numerator and denominator in (26) are statistically dependent, so λ 0 can be rewritten as
Considering a multipath Rayleigh fading PLC channel, the amplitude of the channel taps h l are independent Rayleigh distributed random variables with different gains α l according to the power delay profile (PDP), with the probability density function expressed in (29) . The square of the channel gains |h l | 2 are then exponentially distributed random variables, with a probability density function denoted in (30) .
The density and cumulative distribution functions, f c 0 and cdf c 0 , of the normalized CC at the optimal synchronization point in (17) for the multipath Rayleigh fading channel are described in (31) and (32) , respectively (see Appendix A for further details).
2) FINE TIMING SYNCHRONIZATION
The fine synchronization process involving an AWGN channel is simple because the best option is finding the maximum of the normalized CC. However, in multipath channels, it is necessary to search for the first channel tap by using a threshold γ , in order to avoid ISI in data symbols and achieve suitable CIR estimation in the joint scheme, even when the first channel tap does not have the largest amplitude. The location of this pointθ f will be prior or equal to the coarse synchronization pointθ c previously described. Defining a search window of D samples, with D < N cp − L + 1, then the proposed fine synchronization algorithm can be computed as follows:
The threshold value γ has a great impact on the synchronization performance. In that way, it is mandatory to obtain a suitable value that maximizes some performance conditions. In this work the threshold that maximizes the probability of perfect synchronization is considered, i.e. the probability of selecting the first tap of the channel as the synchronization point. According to the proposed fine synchronization scheme, the probability of perfect synchronization can be expressed as
The threshold γ that maximizes the probability in (33) cannot be found analytically. However, an approximation to the optimal threshold is presented in the Appendix B, and is given by
where α 2 0 is the average power ratio of the first channel tap to all channel taps. In order to avoid the estimation of the channel statistics, a value of α 2 0 = 0.5 can be fixed [19] , and a suboptimal threshold can be expressed as
3) CHANNEL ESTIMATION
Note in (20) that the output of the matched filter c r,x n will contain the channel impulse response h l and the correlation of noise samples, as long as the channel dispersion L is less than the cyclic suffix length N cs . Assuming perfect time synchronization, then the output of the matched filter c r,x n can be expressed as (36) where δ n denotes a Kronecker delta. If the channel length L is not estimated, then the N cs samples must be included as the channel impulse response estimateh n in (37) , and the channel frequency response estimationH k in (38) is obtained by means of a zero-padded N -point FFT from (37) .
The mean square error (MSE) of the channel estimateh n in (37) depends on the number N cs of samples involved, and it can be computed as
The MSE of the channel estimate, MSEh, is then the expectation of the sum of N cs weigthed chi-squared random variables with one degree of freedom, i.e.:
Finally, the mean square error MSEh of the channel estimate, as in DFT-based channel estimation scheme [22] , is proportional to the number N cs of samples included in the channel impulse response and inversely proportional to N and the SNR
Note that, if the channel length L is precisely known, then a smaller value of the MSE is obtained. 
C. COMPLEXITY ISSUES
Some complexity details about the proposed scheme are analyzed here, in terms of operations required to compute the synchronization and channel estimation stages.
The coarse synchronization process involves the computation of (11) and (12), which can be implemented by means of the recursive Eqs. (42) and (43).
(42)
One two-input complex multiplier with its output appropriately delayed and three complex adders are required to compute (42). Additionally, one two-input complex multiplier, shift registers and two complex adders are needed for (43).
Considering the proposed scheme for the fine synchronization and channel estimation based on the cross-correlation, the matched filter for the proposed pilot symbol in (21) requires the matched filter of the complementary pair with length N /4, and afterwards some additional processing in terms of delays and additions. Complementary sequences with length N /4 require Q = log 2 (N /4) recursive stages, which imply two adders and one memory element [30] , and the proposed concatenation of the sequences involves two memory elements and three adders. In order to compute the complex cross correlation, two identical blocks are required, as shown in Fig. 2 . Therefore, the matched filter of the proposed pilot symbol requires only 4 · log 2 (N /2) + 2 adders, which imply an important reduction w.r.t. other types of sequence-based pilot symbols. The cross correlation of a complex sequence-based pilot symbol as in [19] would demand up to N complex multipliers and N − 1 complex adders. The pilot symbol based on ZCC pair [28] , requires 2 · N real multipliers and 2 · N − 2 real adders, and the one based on binary PN sequence requires 2 · N − 2 real adders to perform the cross correlation [26] . Table I shows the number of operations required to compute the cross correlation of the proposed pilot symbol and some previous works in terms of real-valued arithmetic operations, for a length N . Each complex addition is assumed equivalent to two real additions, whereas the complex multiplier is composed by four real multipliers and two adders. 
IV. SIMULATION RESULTS
Some computer simulations have been performed in order to validate the previous analysis of the normalized CC and the performance of the proposed joint fine synchronization and channel estimation method in PLC. The OFDM system parameters considered hereinafter are: the carrier frequency is f c = 15 MHz, with a total bandwidth of 25 MHz. The number of subcarriers is N = 1024, and the subcarrier spacing is 24.414 kHz as in HomePlug standard [36] . The cyclic prefix and suffix of the pilot symbol are N cp = N cs = 128 samples each, and the search window for fine synchronization is set at D = 40 samples. Two multipath PLC channels are considered, which have L = 8 taps with equal tap spacing of 10 samples, and the average power of their taps are those presented in Table II . The channel coefficients are assumed to remain constant during each burst, and 200,000 channel realizations are simulated for each SNR condition.
The noise samples are composed by colored background noise; narrowband noise; periodic impulsive noise, asynchronous to the mains frequency; periodic impulsive noise, synchronous to the mains frequency; and asynchronous impulsive noise. They are generated from the PLC noise generator presented in [31] , [37] , and a ''worst'' scenario is selected in the generator. In order to guarantee the SNR condition, both channel and noise samples are normalized for each realization.
The theoretical results of the normalized CC distribution in samples prior the perfect synchronization point −N cp + L − 1 ≤ n < 0 (23) in the ISI free region are presented in Fig. 3,   FIGURE 3 . Theoretical and simulated CDF of the normalized CC at samples before the optimal synchronization point.
by evaluating the Cumulative Distribution Function (CDF). It is worth noting that the distribution is independent of the channel considered, and the values decrease as the SNR increases, as expected. Note that the values do not perfectly fit the proposed distribution, since the PLC noise samples are composed by several types of colored and impulsive noises. Nevertheless, since the threshold value γ is usually higher than the samples of the normalized CC before the optimal synchronization point, the approximation actually becomes useful.
The distribution of the normalized CC at the optimal synchronization point n = 0 for the multipath Rayleigh channels in (33) is confirmed by simulations in Fig. 4 . It is possible to observe that the values are bounded between 0 and 1, and they become higher as the SNR increases. Also, these values are higher in the first channel case, due to the fact that the ratio between the first channel tap power w.r.t. all the channel taps is higher than in the second channel. For low values of SNR, the simulation result for the CDF differs slightly from (32) . This happens due to the obviation of the noise terms averaged by the matched filter in (24) , and also because the PLC noise samples are correlated while they were considered as i.i.d. in the analysis. The probability of perfect time synchronization in (33) is evaluated in Figs. 5 and 6 for the first and second channels, respectively. The results under three different thresholds γ are evaluated: a numerical approximation of the ideal threshold in (48), and the proposed suboptimal thresholds γ sub 1 and γ sub 2 from (34) and (35) . For both considered channels, the probability of achieving a perfect time synchronization is almost the same for γ (48) and γ sub 1 , which indicates that the approximations assumed in Appendix B are valid under the analyzed conditions. Whether the number N of subcarriers and the SNR are reduced enough, the density functions f c n (y) and f c 0 (y) become closer, and the optimal threshold will not be located near the right tail of f c n (y), neither near the left tail of f c 0 (y). The probability of perfect time synchronization considering the suboptimal threshold γ sub 2 , is lower than for γ sub 1 , as expected since it does not involve any channel information. The difference is higher for the second channel because the power ratio of the first tap contains in average only 15% of the total channel power, whereas in the first channel the ratio is almost 53%, much closer to the 50% of the assumed value. Finally, the theoretical value of the probability of perfect time synchronization in (33) considering γ sub 2 is included, for comparison. The curves are almost the same for medium and high SNR values, and they slightly differ at low SNRs.
The performance of the proposed fine synchronization scheme is shown in Fig. 7 , evaluated in terms of the timing MSE under both channels conditions CH I and II. Also, the MSEs of the fine synchronization process considering the schemes based on PN [26] , MOS [19] and ZCC pair of sequences [27] , [28] are included for comparison. The same thresholding criteria γ sub 2 is used in all cases, in order to have the same probability of detecting the first channel tap. The proposed pilot symbol and those in [19] and [26] are based on constant amplitude sequences, with both CP and CS attached and a zero correlation zone (near zero in [26] ). Therefore, the probabilities of perfect synchronization are similar in these three cases, as well as the timing MSE, as can be observed in Fig. 7 . It is also clear that the MSE is higher for CH II than for CH I. On the other hand, the timing MSEs of the schemes based on the ZCC pair [27] , [28] are significantly higher. This occur because the sequence is windowed in the time domain, leading to a high peak to average power ratio (PAPR). As the PLC noise contains impulsive noise, this PAPR present in the matched filter affects the correlation output in the samples prior to the first channel tap, providing higher values when the impulse noise affects the large amplitude samples of the received pilot symbol. Therefore, the probability of misdetection of any noisy sample is increased w.r.t. the constant amplitude pilot symbols, under the same threshold. In order to clarify this, the same scheme from [28] , considering only AWGN, is also shown in Fig. 7 , and it is noticed that the performance is very similar to the ones obtained from [19] , [26] and the proposed scheme in both channels.
Finally, the MSE of the channel estimates is presented in Fig. 8 . The theoretical MSE considering perfect time synchronization (PS) in (41) is included as an inferior bound. Then, the channel estimation after the proposed fine synchronization scheme is included, considering the thresholds γ sub 1 and γ sub 2 . The MSE obtained by using γ sub 1 is slightly lower than the one with γ sub 2 for both channels, since the synchronization performance is better. Furthermore, the MSE is higher when considering the second channel case, since the probability of perfect synchronization is lower than the one obtained for the first channel. Also, the MSE of the channel estimates after the fine synchronization of the schemes under comparison are included. It can be observed that the proposed scheme has similar performance as the one based on MOS [19] . The one that uses PN sequence [26] presents slightly higher MSE at SNR above 15dB, due to the nonzero correlation zone of the pilot symbol. The scheme based on ZCC [28] presents worse performance in the channel estimation, but this occurs because of the fine synchronization performance in Fig. 7 . It is important to remark that, considering the perfect synchronization situation, it achieves the same MSE as the one in [19] and our proposal.
V. CONCLUSION
This paper is focused on the synchronization problem in OFDM systems for power-line communications. Low-complexity fine time synchronization and channel estimation techniques have been proposed. The pilot symbol design has been based on the use of complementary pairs of sequences, which ensure suitable correlation properties and low complexity, as they require few operations to compute the cross correlation, which is jointly used for synchronization and channel estimation purposes.
A normalized cross correlation has been proposed for fine synchronization, and the probability density functions of the normalized CC at the optimal and before synchronization points have been derived after some simplifications, in order to obtain optimal and suboptimal thresholds for the first path detection. The performance of the proposed synchronization and channel estimation technique has been successfully verified by simulations in a multipath channel under different types of PLC noises, and has been compared with other previous schemes with sequence-based pilot symbols.
APPENDIX A
This appendix describes the derivation of a closed-form expression for the approximated PDF of the normalized CC at the optimal synchronization point in (27) . The denominator in (28) includes the sum of independent, weighted and exponentially distributed random variables [38] , so, by defining the random variable V 3 = L−1 l=1 |h l | 2 , the density function of V 3 results
The probability density function of the ratio between the auxiliary variable V 3 and the exponentially distributed random variable|h 0 | 2 can be obtained from (45) [39] , thus providing (46): 
Finally, after adding 1, inverting and scaling the result of the random variable V 3 / |h 0 | 2 with K = SNR/(SNR + 1), the density function in (27) can be obtained from (47) [39] . In this way, the density and cumulative distribution functions of the normalized CC at the optimal synchronization point for the multipath Rayleigh fading channel (31) and (32) are obtained.
APPENDIX B
This appendix describes the derivation of a closed-form expression for an approximation of the threshold γ that maximizes the probability of perfect time synchronization in (33) . Note that this threshold should be obtained from dP(γ )/dγ = 0, i.e. In order to derive a closed-form expression of the threshold, some approximations are taken into account, which are based on assuming that practical values of N and SNR lead to small values of the normalized CC before the optimal synchronization point, so the optimal threshold γ will be relatively high in comparison with these samples. Keeping that in mind, the following approximations are proposed 
On the other hand, the threshold γ will have a low value w.r.t. the values of the normalized CC in the optimal synchronization point. 
